34. To express the different forms of Tat in Escherichia coli, Bam HI-Bam HI fragments corresponding to either Tat72 or Tat101 cDNAs (12) were cloned into the unique Bam HI site of pTrcHisB behind the Trc promoter (Invitrogen). E. coli ( TOP10 strain, Invitrogen) containing the recombinant plasmids were induced for 16 hours with isopropyl-␤-D-thiogalactopyranoside (1 mM) at 37°C. Pelleted cells were resuspended in buffer A [6M guanidine hydrochloride, 0.1M NaH 2 PO 4 , and 0.01M tris (pH 8.0)] at 5 ml per gram wet weight and stirred for 1 hour at room temperature. Lysate was centrifuged at 10,000 rpm for 15 min at 4°C and the supernatant was collected. Four milliters of a 50% slurry of Ni-nitrilotriacetic acid resin (Invitrogen) equilibrated in buffer A was added to the cell suspension and incubated at room temperature for 1 hour. This mixture was loaded on a column and the flowthrough was collected. The resin was washed sequentially with 10 ml of buffer A, 15 ml of buffer B [8 M urea, 0.1M NaH 2 PO 4 , and 0.01 M tris (pH 8.0)], and 15 ml of buffer C (same composition as buffer B, but at a pH of 6.3). The recombinant protein was eluted with 15 ml of buffer C containing 250 mM imidazole. This eluate was loaded directly on a highperformance liquid chromatography C4 column run in a gradient of acetonitrile (0 to 100%) in 0.1% trifluoroacetic acid. Fractions containing Tat were lyophilized in small aliquots and stored at -70 o C under anaerobic conditions to prevent Tat oxidation. Tat was resuspended in degassed phosphate-buffered saline plus 0.1 mM dithiothreitol immediately before use. The biological activity of Tat purified according to this protocol was tested by incubating it with U1 cells, which contain a virus exhibiting a Tat-defective phenotype (32). Tat treatment of these cells caused a 50-fold induction of viral expression as detected by p24 secretion into culture supernatant. Endotoxin contamination of Tat prepared with this protocol was below the detection limit of the assay (Ͻ59 EU/ml; Limulus Amebocyte Lysate Assay, Biowhittaker, Walkersville, MD).
35. D. A. Mann and A. D. Frankel, EMBO J. 10, 1733 (1991) . 36. pIL-2luc was constructed by cloning a 390 -base pair Kpn I-Hind III fragment containing the human IL-2 promoter (nt -340 to nt ϩ50) (a gift from R. Gaynor) into the corresponding sites of pGL2-BASIC (Promega, Madison, WI). This plasmid was used as a substrate for the mutagenesis of the CD28RE by means of the Transformer site-directed mutagenesis method (Clontech, Palo Alto, CA). The oligonucleotide (5Ј-GGGT T TAAAGAAGCCTCAAAGAGTCAT-CA-3Ј) was used to introduce four mutations within the CD28RE (mutations are highlighted in bold), abolishing binding of the CD28RC to the element (27 ) . The oligonucleotide (5Ј-CT TATCATGTCTGA-CGTCGTCGACCGATGC-3Ј) changes a Bam HI into an Aat II restriction site (highlighted in bold) and was used for selection during mutagenesis. The region corresponding to the IL-2 promoter was fully resequenced to confirm the mutation, and the resequenced fragment was subcloned into pGL2-BASIC as described above. Apicomplexan parasites contain two maternally inherited extrachromosomal DNA elements (1) . The mitochondrial genome is a multicopy element of ϳ6 to 7 kb encoding three proteins of the respiratory chain and extensively fragmented ribosomal RNAs (2). In addition, these parasites contain a 35-kb circular DNA molecule with no significant similarity to known mitochondrial genomes. The 35-kb element is similar to chloroplast genomes, containing an inverted repeat of ribosomal RNA genes and genes typically found in chloroplasts but not mitochondria (rpoB/C, tufA, and clpC) (3). The 35-kb DNA is also predicted to encode a complete set of tRNAs, numerous ribosomal proteins, and several unidentified open reading frames (3). We used in situ hybridization to determine whether the 35-kb DNA is found within the parasite nucleus, mitochondrion, or cytoplasm or, alternatively, whether this molecule localizes to a previously unidentified DNA-containing organelle. We chose T. gondii for this project (rather than Plasmodium, in which the 35-kb element has been better characterized) for two reasons. First, there are approximately eight copies of the 35-kb circle per haploid genome in T. gondii tachyzoites, as opposed to approximately one copy in Plasmodium. Second, Toxoplasma offers much better ultrastructural resolution, because of its regular organization of intracellular organelles and well-defined apical region. To localize the 35-kb DNA, we hybridized extracellular tachyzoites with digoxigenin-labeled DNA probes that covered 10.5 kb of the 35-kb genomic sequence but excluded the ribosomal genes, to avoid cross-hybridization with the mitochondrial genome (4). We also targeted RNA transcripts derived from the 35-kb genome, using digoxigenin-labeled antisense RNA generated from putative rps4 sequences (5). The DNA:DNA or RNA:RNA hybrids were visualized by fluorescence in situ hybridization (FISH), and nuclear DNA was counterstained with the fluorescent dye YOYO-1.
Examination by laser-scanning confocal microscopy revealed that the 35-kb DNA of T. gondii is localized to a specific region in the cell, adjacent to (but distinct from) the apical end of the parasite nucleus (Fig.  1A) . Transcripts of rps4 were also concentrated in this region (Fig. 1B) , suggesting that diffusion of 35-kb DNA-related transcripts is restricted by a physical (possibly membranous) barrier.
Extranuclear DNA was not detected by YOYO-1 (or propidium iodide), presumably because of the low DNA concentrations typically found in non-nuclear organelles and the membrane-impermeable nature of these dyes. However, the extranuclear signal obtained by FISH resembled the pattern observed after staining with sensitive membrane-permeable DNA dyes such as Hoechst 33258 or 4Ј,6Ј-diamidino-2-phenylindole (DAPI) (Fig. 1, D and E) . To compare the subcellular distribution of extranuclear DNA with the 35-kb DNA-derived FISH signal (Fig. 1, F though H) , we used a monoclonal antibody to DNA because neither Hoechst nor DAPI stains are excited by the Kr-Ar laser that was available for confocal imaging and because in situ signals were difficult to detect on a conventional fluorescence microscope.
To examine the subcellular location of the 35-kb DNA more precisely, we hybridized frozen ultrathin sections with digoxigenin-labeled DNA probes (Fig. 2, A and B) . Staining with antidigoxigenin followed by a secondary antibody and gold-conjugated protein A localized the 35-kb element to a membranous region adjacent to the nucleus but distinct from either the mitochondrion or the Golgi apparatus (large gold particles). Antibody to DNA also stained this area (small gold particles). In control experiments, probes prepared from plasmid vector DNA showed no hybridization, although the antibody to DNA still detected the membranous region just apical to the nucleus. The morphology of the membranous structure labeled by 35-kb DNA probes is difficult to resolve under the harsh conditions used for in situ hybridization, but conditions suitable for labeling with antibody against DNA alone revealed an organelle associated with multiple membranes (Fig.  2C) . Thin sections through Epon-embedded parasites (which provide superior membrane preservation but do not permit antibody or in situ labeling) show that this organelle is invariably enclosed by four bilayer membranes (Fig. 2, D and E) .
Previous phylogenetic studies on the 35-kb genome suggested a plastid ancestry, but confidence in this assessment has been low because of the limited number of taxa and phylogenetic methods used (6) . Genes identified on the 35-kb element include tufA, encoding the protein synthesis elongation factor Tu, a gene previously found useful for constructing molecular phylogenies (7) . Phylogenetic analysis of tufA sequences from T. gondii, P. falciparum, and E. tenella (8) places the apicomplexan 35-kb element solidly within the plastids (Fig.  3 ). This placement is robust when either amino acid alignments or nucleotide alignments first and second codon positions are analyzed under a variety of phylogenetic methods, including maximum likelihood, parsimony, and distance methods (using either Kimura three-parameter or LogDet transformation) (9) . The association of apicomplexan tufA genes with those of plastids does not appear to be caused by either the AT-rich or the divergent nature of the sequences (10) . The similarity of apicomplexan and plastid tufA genes is also supported by the presence of two insertions characteristic of plastids and cyanobacteria, although the length of these insertions is variable among the Apicomplexa.
All three phylogenetic methods used sup- (Fig. 3) . Parsimony analysis of nucleotide data scored only for transversion events also provides strong support for the clade composed of cyanobacteria and plastids (94%), and moderate support (78%) for plastid monophyly. The apicomplexan plastids were consistently placed among the green algae by all analytical methods used. Although support for green algal affinity was weak (bootstrap values of 41, 21, and 63%), these values are comparable to the level of support for green plastid monophyly when apicomplexans are excluded, yet the green plastids are known to be monophyletic on many other grounds (7). Trees constrained to place the Apicomplexa with nongreen plastids were consistently worse than those placing them with the green plastids, although the difference in likelihood was not significant by the Kishino-Hasegawa test (9) . Many investigators have assumed that the apicomplexan 35-kb genome is related to dinoflagellate plastids, on the basis of structural similarities between the Apicomplexa and dinoflagellates, and phylogenetic analyses of nuclear genes (12) . Unfortunately, few dinoflagellate plastid genes have been examined, but there is considerable diversity of plastid form among dinoflagellates, and their plastids may have arisen from multiple distinct endosymbioses (13) . Thus, it seems likely that the last common ancestor of all dinoflagellates was not photosynthetic and that the Apicomplexa and dinoflagellates acquired their plastids independently.
A structure consisting of multiple membranes has previously been described as the "Golgi adjunct" in Toxoplasma, and similar structures-variously termed the lamellärer körper, vacuoles plurimembranaires, spherical body, or Hohlzylinder-have been observed in other apicomplexan parasites (14) . The cytological derivation of this structure has been unclear, but the demonstration that this organelle is associated with a plastid genome in Toxoplasma-combined with the monophyly of Toxoplasma, Plasmodium, and Eimeria tufAs in all analyses-argues for a single endosymbiotic organelle common to all apicomplexans. The apicomplexan plastid (abbreviated ''apicoplast'') is an authentic plastid in all respects, albeit one that is probably incapable of photosynthesis.
Previous investigators have debated the number of membranes surrounding the apicoplast, suggesting that the appearance of multiple membranes may result from proximity to 3 . Molecular phylogenetic analyses of tufA genes from three apicomplexan 35-kb genomes and representative eubacteria, plastids, and mitochondria (32). Maximum likelihood finds the phylogeny that is statistically most likely to have given rise to the observed sequences. Neighbor joining is a cluster method, in this case using "LogDet" distances (Ϫln determinant). Parsimony finds the tree that requires the fewest inferred mutations to represent the data (9) . Branch lengths are proportional to the number of inferred substitutions (or LogDet value); bootstrap values Ն40% are given above the corresponding branch (11) . The column at the far right indicates the number of membranes surrounding the plastid for taxa in the parsimony tree. All three phylogenetic methods consistently group the apicomplexan 35-kb encoded tufA genes with green algal plastids.
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http://www.sciencemag.org ⅐ SCIENCE ⅐ VOL. 275 ⅐ 7 MARCH 1997 the endoplasmic reticulum or Golgi apparatus (14, 15) . Although this organelle is closely associated with the Golgi, the fixation and staining conditions used for Fig. 2, D and E, commonly show four membranes. It is difficult to visualize distinct membranes all the way around the organelle (and serial sections necessarily lose definition at the top and bottom of the stack), but all of our micrographs are consistent with the four-membrane hypothesis, and many sections are clearly incompatible with Յ3 or Ն5 membranes. The presence of four membranes enclosing the apicoplast suggests that it originated as a secondary endosymbiont (derived by ingestion of a eukaryote that itself harbored a plastid), analogous to the plastids of chlorarachniophytes and cryptomonads (16) . This hypothesis is bolstered by the phylogenetic grouping of apicoplasts with green algal plastids, which presents a clear conflict with nuclear gene phylogenies (12, 17) and therefore provides prima facie support for a secondary endosymbiotic origin. The putative green algal origin of apicomplexan plastids should be testable through further phylogenetic analyses of plastid sequences and analysis of apicomplexan nuclear genes of potential green algal origin, such as phosphoglucose isomerase and enolase (18) .
The function of the apicoplast remains unknown, but the parasite faithfully replicates this organelle, which divides by binary fission and is introduced into developing daughter parasites very early during replication (Fig.  2E) . The apicoplast genome is certainly transcribed: Several transcripts have been identified by Northern (RNA) blot analysis (3, 19) , rps4 transcripts localize to the same region as the 35-kb DNA (Fig. 1) , and ribosomal RNA derived from the 35-kb circle has been localized to this organelle (15) . Like other endosymbiotic genomes (20) , the 35-kb element is presumed to be the remnant of a much larger precursor, most of whose original functions have been lost or transferred to the nuclear genome. Photosynthesis is the most familiar function of plastids, and evidence for a chlorophyll binding protein in Apicomplexa has been reported (21), although we have not been able to confirm these results in Toxoplasma. Plastids also play many other key metabolic roles-including biosynthesis of amino acids and fatty acids, assimilation of nitrate and sulfate, and starch storage (22)-and have been maintained in many nonphotosynthetic taxa over millions of years (23) . The apicoplast has been suggested as a target for macrolide antibiotics in Toxoplasma (24) and may also be the target for rifampicin in Plasmodium (25) . Further studies are likely to elucidate important aspects of plastid function and evolutionary history, in addition to identifying other parasite-specific targets for chemotherapy.
